A key tool in neuroscience is the ability to transiently inactivate specific neurons on timescales of milliseconds to minutes. In Drosophila, there are two available techniques for accomplishing this (shibire ts and halorhodopsin [1] [2] [3] ), but both have shortcomings [4] [5] [6] [7] [8] [9] . Here we describe a complementary technique using a native histamine-gated chloride channel (Ort). Ort is the receptor at the first synapse in the visual system. It forms large-conductance homomeric channels that desensitize only modestly in response to ligand [10] . Many regions of the CNS are devoid of histaminergic neurons [11, 12] , raising the possibility that Ort could be used to artificially inactivate specific neurons in these regions. To test this idea, we performed in vivo whole-cell recordings from antennal lobe neurons misexpressing Ort. In these neurons, histamine produced a rapid and reversible drop in input resistance, clamping the membrane potential below spike threshold and virtually abolishing spontaneous and odor-evoked activity. Every neuron type in this brain region could be inactivated in this manner. Neurons that did not misexpress Ort showed negligible responses to histamine. Ort also performed favorably in comparison to the available alternative effector transgenes. Thus, Ort misexpression is a useful tool for probing functional connectivity among Drosophila neurons.
Results
Many regions of the Drosophila CNS contain no histaminergic fibers or else only sparse histaminergic innervation (see Figure S1 and Movies S1 and S2 available online). The antennal lobe is one region that contains no histaminergic innervation, and it is one of the best-studied regions of the Drosophila brain. For this reason, we chose antennal lobe neurons for testing the effect of histamine on Ort-misexpressing neurons.
There are two major cell types in the antennal lobe, projection neurons (PNs) and local neurons (LNs). About two-thirds of antennal lobe LNs release g-aminobutyric acid (GABA), and about one-third release glutamate [13, 14] . We targeted expression of Ort to PNs and LNs with the GAL4/UAS system, using GAL4 lines that drive expression specifically in these cell types. We performed targeted in vivo patch-clamp recordings from these cells. In order to target our electrodes to the Ort+ neurons, we coexpressed CD8:GFP along with Ort.
In the absence of histamine, the electrophysiological properties of Ort+ neurons were no different from those of Ort2 neurons (i.e., cells recorded in flies that lacked the UAS-ort transgene). The resting membrane potential of these cells (264 6 1 mV) was not significantly different from controls (265 6 2 mV, n = 8 and 5; p = 0.52, t test). Similarly, the input resistance of these cells (920 6 130 MU) was not significantly different from normal (1,040 6 150 MU, n = 8 and 5; p = 0.58, t test).
Upon bath application of histamine, Ort+ neurons were potently inhibited. Odor-evoked activity was almost completely suppressed, and this was true of both Ort+ PNs and Ort+ LNs (Figures 1A-1C) . The effects of histamine on Ort+ neurons were dose dependent and consistent with the known sensitivity of Ort to histamine [10, [15] [16] [17] . At the highest dose (100 mM), histamine completely eliminated all spiking and substantially reduced odor-evoked depolarization ( Figures 1B and  1C ). Importantly, histamine had essentially no effect on the odor responses of PNs and LNs recorded in flies that lacked the UAS-ort transgene, even at the highest histamine concentration ( Figures 1D and 1E ).
The effects of histamine are consistent with the opening of a massive chloride conductance in Ort+ neurons. First, histamine dramatically reduced the input resistance of these cells ( Figure 2 ). Moreover, histamine abolished all spontaneous activity, as would be expected from a large decrease in input resistance. Histamine had no effect on the input resistance of control PNs or LNs (Figure 2 ).
Histamine also affected the membrane potential of Ort+ neurons. The initial resting potential of Ort+ GABA-LNs was 253 6 1 mV, and these cells were consistently hyperpolarized by histamine, to a new value of 271 6 2 mV ( Figure 3A ). PNs had an initial resting potential that was more hyperpolarized than that of GABA-LNs (264 6 1 mV), and accordingly, the effects of histamine on membrane potential were more modest and varied, with some cells becoming slightly hyperpolarized by histamine and others becoming slightly depolarized ( Figure 3B ; see Discussion). On average, histamine caused Ort+ PNs to rest at 265 6 3 mV ( Figure 3B ). Again, there was no significant effect on the membrane potential of control PNs or GABALNs ( Figures 3A and 3B) .
As one would expect from a small and hydrophilic ligand, the effects of histamine were rapid and reversible. The onset and offset of histamine's effects occurred within the several minutes required for the bath solution to completely equilibrate with the incoming perfusate ( Figures 4A-4C ). The histamine-induced changes in input resistance, membrane potential, and odor responses had similar kinetics, as expected. Prolonged applications of histamine (up to 15 min) produced constant effects on all these metrics, without appreciable decay in potency (data not shown).
Finally, we directly compared Ort with the two published alternative techniques designed to transiently silence Drosophila neurons, shibire ts and halorhodopsin. The shibire ts transgene encodes a form of dynamin that misfolds at restrictive temperatures, thereby preventing synaptic vesicle formation [1] . Halorhodopsin is a light-activated chloride pump that hyperpolarizes cells [2, 3] . The ideal technique for silencing neurons would be both potent (i.e., it would completely silence activity) and selective (i.e., it would directly affect only the neurons expressing the effector molecule). To compare the potency and selectivity of Ort with shibire ts and halorhodopsin, we employed all three techniques at silencing *Correspondence: rachel_wilson@hms.harvard.edu olfactory receptor neurons (ORNs). We chose ORNs as our targets in these experiments because shibire ts affects neurotransmitter release rather than spike initiation, and so its effects are only visible in neurons postsynaptic to the neurons expressing GAL4. In other words, in order to assess the ability of shibire ts to silence activity in the antennal lobe, we needed to express GAL4 in neurons presynaptic to the antennal lobe.
We crossed flies expressing each UAS transgene with flies expressing GAL4 in a broad population of ORNs [18] . In each genotype, we recorded from postsynaptic PNs while silencing ORNs. If ORNs were silenced completely, we would expect essentially all spontaneous and odor-evoked activity in PNs to disappear. This is because ORNs are the only major source of excitatory input to PNs, and ORNs normally spike spontaneously, producing excitatory postsynaptic potentials (EPSPs) in PNs [19, 20] . Note that all of these techniques likely affect only the ORN axons in the brain, as the ORN somata and dendrites are housed in the antennae and so are likely inaccessible to any of these manipulations. Neurotransmitter release from ORNs should be inhibited by either hyperpolarizing their axons (using Ort or halorhodopsin) or preventing synaptic vesicle formation in axons (with shibire ts ). We found that Ort proved effective in silencing ORNs. As one would expect if ORN terminals were clamped at a hyperpolarized potential, we observed that odor-evoked activity in PNs was severely reduced by histamine. On average, the magnitude of PN odor response dropped by 84% ( Figures 5A and 5B). Histamine also eliminated the barrage of spontaneous EPSPs in PNs that arises from normal spontaneous ORN spiking [19, 20] , and as a consequence, PNs were hyperpolarized. Importantly, histamine had little effect on recordings from PNs in control flies ( Figure 5B ).
By comparison, shibire ts was less consistent and specific. In flies where ORNs expressed shibire ts , raising the bath to a restrictive temperature (29 C-30 C) to inactivate ORNs produced variable effects. On average, the temperature shift reduced PN odor responses by 52% ( Figures 5C and 5D ). Spontaneous activity was also reduced. The membrane potential was depolarized by the temperature shift (generally by >10 mV), and in several experiments the recording was lost. Shifting the bath temperature also depolarized control cells, indicating that this effect was unrelated to shibire ts . Moreover, in control cells, the temperature shift reduced PN odor responses by 28% ( Figure 5D ). Overall, the effect of the temperature shift was still significantly different in control and shibire ts flies, indicating that shibire ts was acting as intended, but the nonspecific effects of the temperature shift were sizeable.
Halorhodopsin was the least effective technique in this experimental context. In flies where ORNs expressed halorhodopsin, illuminating the brain produced no significant change at light intensities that were low enough to avoid nonspecific effects ( Figures 5E and 5F ). In our pilot experiments, we found that higher light intensities strongly hyperpolarized PNs in control flies (i.e., flies that lacked the UAS-halorhodopsin transgene; Figure 5G ).
Discussion
In mammalian systems, several techniques have been developed in recent years for transiently inactivating neurons using nonnative neurotransmitter receptors [21] [22] [23] [24] [25] . The goal in using a nonnative receptor is to avoid activation by endogenous ligands. Here, we took a different approach: we exploited the fact that histamine is present only sparsely in the nervous (B) A whole-cell recording of an Ort-expressing PN. Increasing concentrations of histamine produce greater suppression of activity, and suppression is reversed by washout. Note that this particular PN is depolarized by histamine, which we observed in several PNs; others were hyperpolarized or showed no change in resting membrane potential (see Discussion).
(C) Same as above, but in an Ort-expressing antennal lobe GABAergic local neuron (GABA-LN).
(D) Odor responses in saline, 100 mM histamine, and after washout (measured as the odor-evoked change in membrane potential). Each connected set of circles represents a different PN recording, and bars represent means (n = 8 Ort+ and 5 control). Histamine significantly reduces the odor response in Ort+ flies (p < 0.001, paired t test).
In control flies that lack the UAS-ort transgene, the odor response before and during histamine application is not significantly different (p = 0.69, paired t test). (E) Whole-cell recordings from a PN and a GABA-LN that did not express Ort. Histamine had no effect on these cells. The observation that histamine does not affect antennal lobe neurons in control flies is consistent with the finding that there is no native histaminergic innervation in the antennal lobe; the same is true of several other regions of the central nervous system ( Figure S1 ; Movies S1 and S2).
system outside of the eye, where it is the native neurotransmitter of photoreceptors [26] . Indeed, there are only about 20 histaminergic neurons outside of the optic lobes, and many brain regions are devoid of histaminergic processes. These areas include the antennal lobe, mushroom bodies, and the central complex ( [11, 12] ; Figure S1 ; Movies S1 and S2). In these brain regions, histamine can potentially be used as an artificial neurotransmitter, because it is not normally used as a neurotransmitter. Using a receptor that is native to Drosophila is convenient for achieving high levels of surface expression without further transgene optimization. Moreover, Ort is an excellent candidate for a transgenic effector molecule because it forms homomeric channels-thereby avoiding the need for multiple transgenes-and because the Ort channel has a large conductance and shows little desensitization [10] . Importantly, Ort channels are highly selective for histamine over GABA [17] . These properties motivated our investigation of Ort as a candidate effector molecule.
We found that the histamine/Ort system can be a potent and selective method for neural inactivation. It can produce essentially complete inactivation, and its effects are similar in diverse cell types, under the control of various GAL4 drivers. This is important because it shows that the technique is robust to the properties of the GAL4 driver used to control transgene expression. Moreover, the effects of histamine are completely reversible.
How does the histamine/Ort system actually work? Ort is a chloride channel, and the nominal chloride reversal potential in these experiments was 2121 mV, given the compositions of the external and pipette solutions. One might therefore expect histamine to dramatically hyperpolarize Ort+ neurons. This is not what we observed. Histamine did clearly open a massive conductance-more than doubling the resting conductance-but it generally produced a modest hyperpolarization, and some cells were even modestly depolarized. In a typical cell, histamine clamped the membrane potential between 260 and 275 mV. This suggests that opening Ort channels causes a large amount of chloride to enter the cell, thereby depolarizing the chloride reversal potential. In other words, the chloride gradient partially collapses. Strong activation of ligand-gated chloride channels is known to be capable of partially collapsing chloride gradients in mammalian neurons [27] . When a ligandgated invertebrate chloride channel is misexpressed in mammalian neurons, application of its ligand produces effects on the membrane potential that are similar to what we observe here [21] . In sum, these techniques appear to work largely by shunting inhibition rather than by hyperpolarizing inhibition.
The motivation for these experiments arose from the limitations of currently available techniques intended to produce transient neural inactivation in Drosophila. The shibire ts technique has been very widely used, but its limitations are also well known [4, 5] . First, temperature changes alter virtually every aspect of a fly's physiology, which can make it difficult to interpret negative controls. Second, in order to verify that this technique has inactivated a neuron, one cannot record from that neuron itself; rather, one would need to record postsynaptic to that neuron. Third, the misfolded dynamin will only inhibit synaptic vesicle recycling if it is present in high copy number, and so this technique relies on achieving high transgene expression levels [6] . Fourth, this technique should not affect release of peptidergic vesicles, which do not depend on rapid endocytotic recycling. Finally, because dynamin has multiple functions within cells, overexpressing this transgene can cause necrosis, even at permissive temperatures [7] .
Similarly, there are also limitations associated with the current generation of optogenetic reagents for hyperpolarizing neurons. These reagents are light-activated microbial chloride or proton pumps that should generate an outward pump current that hyperpolarizes neurons [8] . However, these pumps have a relatively low single-molecule conductance, meaning that they must be expressed at high levels, and they must also be trafficked efficiently to the cell membrane, which has been difficult to achieve [8] , particularly in Drosophila [9] . Recently, halorhodopsin has been found to be effective at inactivating neurons in the Drosophila larva in vivo [2, 3] , demonstrating that it can be useful in experimental contexts different from those of our study. The differential efficacy of halorhodopsin in those cases and in our case may reflect differences in the cell types, GAL4 drivers, or other methodological differences.
The immediate application for which we developed this technique is to inactivate specific neurons with histamine while simultaneously recording from other neurons in vivo. In this way, one can study how circuit physiology is affected by silencing specific neurons within the circuit. Several studies have transiently activated specific neurons in this experimental configuration [28] [29] [30] [31] ; what has been lacking is a robust and highly selective method of transient inactivation.
This technique does have limitations. First, it cannot be used in a Drosophila brain region where histamine has major endogenous effects, such as the visual system. Several regions of the CNS receive sparse histaminergic innervation, including much of the lateral and dorsal protocerebrum ( Figure S1 ; Movies S1 and S2), but it is not known whether histamine has major endogenous effects in these regions. A necessary and sufficient control for endogenous effects will be to compare flies with and without Ort misexpression. Second, this technique requires delivery of exogenous histamine and so cannot be used in intact flies. In principle, this might be circumvented by injecting caged histamine and then illuminating the intact fly to photouncage the ligand. A similar approach has been used previously to transiently activate specific neurons in vivo, in that case using caged ATP and transgenic expression of purinergic receptors [32] .
Ultimately, the desired properties of a genetic effector system depend on the experimental setting [4, 5, 33] . For this reason, it is useful to develop multiple complementary systems. Recent years have seen new techniques to monitor neural activity in vivo in Drosophila, as well new reagents for selectively expressing transgenes in specific neurons [5, 9] . The Ort/histamine system is a promising component of this toolkit for probing functional connectivity between identified neurons in vivo.
Experimental Procedures
Fly Stocks Flies were raised on standard cornmeal agar medium supplemented with rehydrated potato flakes on a 12 hr light/dark cycle at 25 C. The two exceptions were flies expressing UAS-shibire ts , which were raised at 18 C, and flies expressing halorhodopsin, which were raised in the dark on food supplemented with all-trans-retinal. All-trans-retinal was prepared as a 35 mM stock solution in ethanol and diluted 10-fold in water before mixing with rehydrated potato flakes; this mix was layered on top of conventional food. All experiments were performed on adult female flies 1-3 days posteclosion, except for the experiments with shibire ts , where some flies were male. The genotypes used were as follows:
Figures 1A and 1B: GH146-GAL4,UAS-CD8:GFP/UAS-ort Figures 1C and 3C : UAS-ort/UAS-CD8:GFP;NP3056-GAL4/+ Figures 1D, 2A , 3B, and 4: GH146-GAL4,UAS-CD8:GFP/+ (control) and GH146-GAL4,UAS-CD8:GFP/UAS-ort (Ort) Figure 1E : GH146-GAL4,UAS-CD8:GFP/+ (PN) and UAS-CD8:GFP/+; NP3056-GAL4/+ (LN) Figures 2B and 3A: UAS-CD8:GFP/+;NP3056-GAL4/+ (control) and UAS-ort/UAS-CD8:GFP;NP3056-GAL4/+ (Ort) Figure 2C : OK371-GAL4,UAS-CD8:GFP/+ (control) and OK371-GAL4, UAS-CD8:GFP/UAS-ort (Ort) Figure 5A : pebbled-GAL4/+;UAS-ort/+ Figure 5B : pebbled-GAL4/+ and UAS-ort/+ (control) and pebbled-GAL4/+;UAS-ort/+ (Ort) Figure 5C : pebbled-GAL4/+;;UAS-UAS-shibire ts /+ Figure 5D : pebbled-GAL4 (control) and pebbled-GAL4/+;;UASshibire There is no effect on control GABA-LNs (n = 10 Ort+ and 5 control).
(B) Some Ort+ PNs are hyperpolarized by histamine (100 mM), whereas others are depolarized (n = 8 Ort+ and 5 control). Note that the initial resting potential of PNs is more hyperpolarized than that of GABA-LNs. Figure 5F : UAS-eNpHR-50C;UAS-eNpHR-19C,UAS-eNpHR-34B (control) and pebbled-GAL4/+;UAS-eNpHR-50C/+;UAS-eNpHR-19C,UASeNpHR-34B/+ (halo) Figure 5G : UAS-eNpHR-50C;UAS-eNpHR-19C,UAS-eNpHR-34B
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Fly stocks were published previously as follows: GH146-GAL4 (chromosome II) [34] , NP3056-GAL4 (chromosome III) [13] , OK371-GAL4 (chromosome II) [35] , UAS-CD8:GFP (chromosome II or III) [36] , UAS-ort (chromosome II) [37] , UAS-eNpHR-50C;UAS-eNpHR-19C,UAS-eNpHR-34B (chromosomes II and III) [2] , UAS-shibire ts (chromosome III) [1] , and pebbled-GAL4 (X chromosome) [18] . OK371-GAL4 and UAS-CD8:GFP stocks were obtained from the Bloomington Drosophila Stock Center.
Electrophysiological Recordings
In vivo whole-cell patch-clamp recordings were performed as described previously [38, 39] . In this preparation, the antennae and maxillary palps of the fly remained dry and accessible to odors, while the brain was bathed in saline and was accessible to patch-clamp electrodes. The saline contained 103 mM NaCl, 3 mM KCl, 5 mM N-tris(hydroxymethyl) methyl-2-aminoethane-sulfonic acid, 8 mM trehalose, 10 mM glucose, 26 mM NaHCO 3 , 1 mM NaH 2 PO 4 , 1.5 mM CaCl 2 , and 4 mM MgCl 2 (osmolarity adjusted to 270-275 mOsm). The saline was bubbled with 95% O 2 /5% CO 2 to a pH of 7.3 and was flowed continuously over the preparation at a rate of 2 ml/min. Patch pipettes were filled with a solution containing 140 mM potassium aspartate, 10 mM HEPES, 1 mM EGTA, 4 mM MgATP, 0.5 mM Na 3 GTP, 1 mM KCl, and 13 mM biocytin hydrazide. The pH of the internal solution was adjusted to 7.2, and the osmolarity was adjusted to w265 mOsm. Recordings were performed with an Axopatch 200B amplifier (Axon Instruments). Voltages were low-pass filtered at 5 kHz and digitized at 10 kHz. Voltages were corrected for the measured liquid junction potential of +13 mV, which was subtracted from recorded voltages post hoc [40] . Series resistance was uncompensated. To record from PNs, GABA-LNs, and glutamate-LNs (Glu-LNs) (in Figures 1, 2, 3 , and 4), we targeted our electrodes to cells labeled with GFP. To record from unlabeled PNs (in Figure 5) , we targeted our electrodes to the cluster of PN cell bodies immediately anterodorsal to the antennal lobe neuropil, and we confirmed that all these cells had small-amplitude action potentials (<12 mV), which are characteristic of PNs [38] . In these types of whole-cell recordings, the seal conductance is large enough (relative to the high input resistance of these cells) to produce a discernible depolarization in the resting potential; for this reason, we injected a small amount of constant hyperpolarizing current in order to bring the cell back down to its native resting potential [40] . The native resting potential of PNs and GABA-LNs was estimated by measuring spontaneous spiking in cell-attached mode prior to rupturing the seal and then injecting enough constant hyperpolarizing current to match the spontaneous spike rate in whole-cell mode. Both Ort+ PNs and control PNs had seal resistances of >1 GU prior to rupturing the seal. Because spontaneous spikes are typically not visible in cell-attached recordings from Glu-LNs, we are less confident about the native resting potential of these cells, and we did not inject any holding current into these cells. Cell-attached recordings were performed in voltage-clamp mode, and the command potential was adjusted so that no current was passed through the electrode. In these recordings, the patch pipettes were filled with external saline, and data were low-passed filtered at 1 kHz. Histamine or histamine dihydrochloride was Histamine also eliminates spontaneous EPSPs. In this example, the odor is pentyl acetate. (B) Odor response in regular saline, 100 mM histamine, and wash (measured as the odor-evoked change in membrane potential; n = 7 Ort and 9 control genotype). Histamine significantly reduces the odor response in flies where ORNs express Ort (p < 0.005, paired t test). In control flies, histamine has little effect, although the small amount of potentiation is in this case statistically significant (p = 0.02, paired t test). (C) A recording from a PN in a fly where shibire ts is selectively expressed in ORNs. Shifting the bath to the restrictive temperature inhibits odorevoked activity in this recording, albeit partially, and eliminates most of the spontaneous activity. The membrane potential also depolarizes. In this example, the odor is a blend of fenchone, pentyl acetate, benzaldehyde, ethyl acetate, and ethyl butyrate. (D) Odor response at the restrictive and permissive temperature (n = 10 shibire ts and 7 control genotype). Raising the temperature significantly reduces the odor response in shibire ts flies (p < 0.001, paired t test). Shifting the bath temperature also modestly reduces the odor response of control flies (p < 0.05, paired t test). (E) A recording from a PN in a fly where halorhodopsin is selectively expressed in ORNs. Illuminating the preparation with green light had little effect. Here, the odor is trans-2-hexenal. (F) Odor response in interleaved trials with light versus no light (n = 9 halorhodopsin and 6 control genotype). Light does not have a significant effect in either halorhodopsin (halo) flies or control flies (p = 0.26 and 0.22, respectively, paired t tests). (G) At higher light intensities than those used in (E) and (F), we saw that light produced a nonspecific suppression of activity. This example PN was recorded in a fly where the GAL4 transgene was omitted, so no halorhodopsin should be expressed. The magnitude of this effect was similar in flies with and without the transgene. The light intensity here was four times that used in (E) and (F) (see Experimental Procedures). prepared as a 100 mM stock solution in water, and the stock was added to the reservoir feeding the bath flowing over the brain to achieve the desired final concentration. The stock solution was prepared fresh every week. For experiments using shibire ts , the saline perfusate was heated from room temperature (w21 C) to 29 C-30 C over a period of w5 min using a TC-324B temperature controller equipped with an in-line solution heater (Warner Instruments). The temperature of the bath was monitored continuously with a submerged thermistor.
Odor Stimulation
Odors used were diluted 100-fold in paraffin oil (except for pentanoic acid, which was diluted 10,000-fold, and pentyl acetate, which was diluted 1,000-fold in some experiments) and delivered via a custom-built olfactometer, which further dilutes the headspace of the odor vial 10-fold in air [41] . Odorized air was delivered to the head of the fly at a flow rate of 2.2 ml/min. Odor stimuli were applied for 500 ms every 30 s, with five to ten trials per stimulus. Because we did not know in advance of obtaining a recording what odor (or odors) a cell might respond to, we prepared a small panel of odors that collectively are effective at stimulating many antennal lobe neurons (pentyl acetate, methyl salicylate, trans-2-hexenal, pentanoic acid, and also a blend of fenchone, pentyl acetate, benzaldehyde, ethyl acetate, and ethyl butyrate). Once we obtained a recording, we tried odors from this set until we found an effective stimulus. If no response could be obtained with any of these stimuli, we discarded the cell.
Optogenetic Stimulation
Light was delivered via a 100 W Hg arc lamp (Olympus) attenuated with a ND-25 neutral-density filter, band-pass filtered at 540-580 nm, and delivered to the specimen through the 403 water-immersion objective used to visualize the preparation for patch-clamp recording. The light intensity at the specimen was measured as 8.5 mW/mm 2 using an optical power meter (Newport 1916-C) with a photodetector (818P-015-19; intensity reported at 560 nm) positioned behind a pinhole aperture. We chose this light intensity because it was the highest intensity that did not produce a nonspecific effect of light (see Figure 5G for an example of a nonspecific effect at 37 mW/mm 2 ). Pulses of light (2 s in duration, beginning 1 s before odor onset) were controlled with a shutter (Uniblitz) controlled by a voltage pulse. Odor presentations with and without light were interleaved, with a total of 12-20 presentations per odor per experiment.
Histochemistry
For histamine immunostaining ( Figure S1 ; Movies S1 and S2), we followed a modified version of previously published procedures [12, 42] . Briefly, the brain and ventral nerve cord were dissected out and fixed in 4% 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide in PBS for 5 hr at 4 C. Samples were rinsed with PBS and incubated in blocking solution (5% normal goat serum [Vector Laboratories] in PBST [0.2% Triton X-100 in PBS]) for 30 min and then incubated in 1:500 rabbit anti-histamine antibody (Abcam ab43870) and 1:50 mouse nc82 antibody (Developmental Studies Hybridoma Bank) in blocking solution at 4 C for 2 days. After washing for 20 min in PBST, samples were incubated with 1:250 goat anti-rabbit:Alexa Fluor 488 and 1:250 goat anti-mouse:Alexa Fluor 633 (Invitrogen) in blocking solution at room temperature for 1 day. Samples were then mounted in VECTASHIELD (Vector Laboratories) and imaged with a laser scanning confocal microscope (Zeiss LSM 510).
Data Analysis
The odor-evoked membrane potential response was computed by low-pass filtering the membrane potential at 10 Hz (to remove spikes) and then taking the mean across trials over the 500 ms odor stimulus period, minus the mean in the period just before the odor stimulus. Input resistance was computed as the membrane potential change elicited by a step of negative current injected into the soma, divided by the magnitude of the current step. Group data in the text are reported as mean 6 SEM, computed across experiments.
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